Introduction
Anion sensing has become a popular area of research due to its potential role in various biological processes and in environmental chemistry. [1] [2] [3] [4] [5] [6] The well-known advantages of a highly sensitive and selective anion sensor have led to a surge in research in this area, especially in the past decade. 7, 8 Among various anionic analytes fluoride and cyanide seem to be of potential interest for their established roles in physiology. 9 The benefits of fluoride are well known in the treatments of osteoporosis, orthodontics, enamel demineralisation and as antidepressants. 10 However, the excessive intake of fluoride often leads to fluorosis, 11-13 urolithiasis 9,14 and even cancer. 9, 15 Cyanide the extremely toxic anion for mammals has extensive industrial applications including gold mining, electroplating, metallurgy, paper, textile and plastic industries. 16 The wide range use of cyanide may also be a major cause of contamination of various environmental sources spiking the cyanide amount beyond the safe limit. It is well known that cyanide inhibits cellular respiration by strong interactions with cytochrome a 3 of the heme unit. 17 A very small amount of cyanide can be lethal to various metabolic functions including cardiac, renal, vascular, respiratory and central nervous systems. 18 Hence contamination of water sources with cyanide and fluoride is a matter of concern. 19 According to World Health Organisation (WHO) and Environment Protection Agency (EPA) the permissible level of fluoride and cyanide in drinking water should be 1.5 and 0.2 ppm respectively. 20 Therefore, various methods have been developed for the detection of fluoride and cyanide among which colorimetric sensors have gained much importance due to their straight forward 'nakedeye' detection ability allowing them to be an inexpensive detection technique. 2, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] Three main approaches have been used to develop various anion sensors:
(i) anion binding to the hydrogen bond donor site due to which the electronic properties of the receptor is altered allowing the subsequent detection of anions. 5, 30, [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] † Electronic supplementary information (ESI) available: Detailed UV-vis spectral data, fitting plots, 1 H, 19 (ii) Displacement assay, which involves the formation of a complex between an indicator ion and a receptor, followed by the displacement of the indicator by guest anions. [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] This creates a change in the microenvironment of the receptor resulting in alteration in colours or fluorescence properties. 5, 56, 57 (iii) Generation of new species with different properties upon chemical reaction between anionic species and receptor molecules called chemodosimeters. [58] [59] [60] [61] [62] [63] The hydrogen bond donating receptors include a wide range of molecules viz. ureas, 35, 64, 65 thioureas, 44, [66] [67] [68] imidazoles/benzimidazoles, 21, 45, [69] [70] [71] [72] [73] [74] [75] amides/diamides, [76] [77] [78] indolocarbazoles, 30, 79, 80 guanidinium derivatives, 81 azophenol, 31, 82 naphthalimides, [83] [84] [85] [86] [87] pyrrole, 88, 89 callixpyrrole [90] [91] [92] [93] etc. The benzimidazole derivatives work via the deprotonation of N-H groups which results in either fluorescence quenching, 45, 94 photoinduced electron transfer (PET) [95] [96] [97] or intramolecular charge transfer (ICT) processes. 21, 75, 98 The ICT process involves a 'push-pull' mechanism between a donor (D) and an acceptor (A) moiety and binding of the negatively charged analyte to the electron deficient acceptor (A) moieties modulates the charge transfer character of the D-A system. 21, 99, 100 In colorimetric anthraquinone-imidazole based receptors the charge transfer band arises mainly from the π imidazole ! π anthraquinone *. The anthraquinone moieties serve as excellent acceptors due their electron deficient nature and conjugation with different electron rich aromatic donor moieties which help to modulate the charge transfer band that can be exploited for detection. 45, [101] [102] [103] [104] [105] [106] In this work, we varied the donor system with different aromatic systems including 2,5-dihydroxy benzene, 4-(bis(2-chloroethyl)amino)benzene, imidazole and 4-methylthiazole to prepare four compounds with potential as chemosensors (1) (2) (3) (4) . Our objective was to study how the variation of the donor type changes the compounds' behaviour towards the anions of choice viz. fluoride and cyanide. Our endeavour showed that among compounds 1- colour of the solution turned from yellow to bright orange when F − and CN − solutions were added to the solution of 1 (Fig. 4) . The data showed that both 1 and 4 are not able to distinguish between Similar to 4 the imidazole protons in 3 are supposed to be susceptible to deprotonation and that should influence the CT band and yet we did not see any change in the spectra at concentrations similar to 1 and 4 so we increased the concentration of 3 to 150 μM and continued adding TBAOH up to 1400 μM. In this case we were able to see a beginning of a ca. 150 nm red shift after the addition of ca. 7 equivalents of OH − which became saturated at ca. 9 equivalents. However, the colour change did not persist long and within 90 min the spectrum reverted to its original position (Fig. S5A , ESI †). The results signify that the deprotonation of the imidazole hydrogen of 3 is difficult compared to 1 and 4 and it also corroborates well since in the presence of a base the colour change of the CT band takes place but after a while reverts to original. We probed the behaviour of 3 with F − and found that it is less sensitive to the addition of F − when compared with 1 and 4
and takes at least 110 equivalents of F − to achieve a similar 50 nm shift, which is saturated at 230 equivalents of F − (Fig. S5B , ESI †). The above phenomenon leads to a poor detection limit of F − by 3 (259 mM; 1054 ppm). In the case of 2 the presence of the weak electron withdrawing bis(2-chloroethylamine) moiety decreases the acidity of the imidazole proton hence the F − or the CN − adduct is weaker and unstable and 2
is not suitable for use as a sensor of the probed anions. The obtained differences in the results based on the addition of TBAOH and TBAF/TBACN suggest the use of TBAOH for mechanistic purpose may be useful but the receptors may be much less sensitive to the anions viz. F − and CN − compared to the deprotonation by OH − and hence the predicted mechanism is only an indication of the possible pathway. The binding stoichiometry for the receptors 1 and 4 was evaluated using the Job's plot and it was found that they bind in a 1 : 1 ratio as shown in Fig. 4 . We calculated the detectable limit of fluoride and cyanide ions from the ratiometric plot of A 484nm /A 425nm vs.
[anion]. 107 The apparent association constants for anions were calculated from nonlinear regression analysis and the values are tabulated in Table 1 arises due to the hydrogen bonding of an imidazole nitrogen with one of the -OH groups of the hydroquinone upon deprotonation of the -NH in the imidazole ring. Compound and the detection limit was achieved to be 0.038(5) ppm in the case of F − ( Table 2) .
Compounds 1-4 have anthraquinone in common but the pendant moieties attached to the imidazole ring fused with anthraquinone are different. We found that 2 and 3 do not exhibit distinct recognition for any of the probed anions but 1 and 4 recognize F − and CN − . In the case of 1 the proton of the imidazole moiety is released in the presence of F − and CN − which renders a spectral change leading to the recognition of The titration experiments of 1-4 with OH − show that 4 is the easiest one to deprotonate as seen from the UV spectral changes (Fig. S20D , ESI †) followed by 1 (Fig. S20A , ESI †) which is also pretty similar in terms of stoichiometry needed to observe the change in the CT band which may be assigned to the deprotonation of the benzimidazole nitrogen. Compounds 2 and 3 however require higher stoichiometries of OH − to observe the bathochromic shift of the CT band as seen in The NMR studies showed that HF 2 − is formed in 3 similar to that reported in the literature and found by us for 1 and 4. However, the NMR studies are performed in greater concentrations and prominent changes are observed with higher equivalents of F − compared to the UV-vis studies. Hence, the formation of HF 2 − should not be considered as a sufficient indication. Hence the visible colour change to the CT band, rendered by the interaction of the anion to the receptor is necessary for the recognition which is also dependent on the acidity of the -NH proton. The presence of the sulphur atom in 4 is clearly advantageous to render the colour change of the CT band upon interaction of the F − with 4 since it helps the recognition with Cu 2+ . The presence of Cu 2+ should lead to an interaction between the receptor and the Cu 2+ although we did not observe any colour change upon addition of Cu 2+ to the receptor 1 or 4 ( Fig. 6 and S16A, S19A, ESI †) but in the presence of F − and Cu 2+ in the case of 4 the change becomes significant which is in contrast to other anions including CN − .
In most cases the probable species formed which renders the colour is not commented on since it is understood that the uncertainties are high. However, based on the evidence obtained we propose a plausible speciation for the F − detection by 4 (Scheme 2). We strongly feel that prediction of the possible interactions would lead to better understanding of the possible species responsible for recognition in future. The above speciation is based on the following: (i) we have seen that in the presence of TBAOH and in the presence of F − the colour change is the same using similar concentrations of the anions. Hence, deprotonation may be occurring in both cases leading to the formation of HF 2 − which supports that species (Table 2 ). Based on the results, 4 is not suitable for CN − recognition.
The structural difference of receptor 1 renders a different speciation in the presence of Cu 2+ , which does not increase the acidity of the -NH proton of the benzimidazole sufficient enough such that it may be deprotonated by F − or CN − .
However, due to the stronger deprotonation ability of TBAOH the CT band of 1 shows a shift ( Fig. S16 and S19, ESI †) similar to that in the case of 4 (in the presence of F − and Cu 2+ ). The data also show that a higher concentration of OH − is required in 1 to observe changes in the CT band similar to 4 suggesting that the F − may not be able to form the anion of 1 diminishing its recognition capability. Our preliminary computational studies by the DFT level of theory with the B3LYP function and 6-31G(d) basis set showed that the charge transfer bands are indeed from π imidazole ! π anthraquinone * (Fig. S21 and Table S1 , ESI †) as assigned earlier in the literature, 20, 21, 34, 97 and the bathochromic shift in the CT band upon recognition of F − and CN − is due to deprotonation of the benzimidazole -NH, as found from the TDDFT calculations of the deprotonated optimized structure of 1 and 4 (Fig. S22 , ESI †). Elemental analyses were performed on a Perkin-Elmer 2400 series II CHNS/O series. ESI-MS spectra were recorded using a micromass Q-Tof micro™ (Waters) in ESI +ve mode electrospray ionization. The isolated yields were reported for analytically pure compounds.
Syntheses and characterization
General synthetic methods to prepare anthraimidazolediones. 1,2-Diaminoanthraquinone (1.0 mmol) and different aldehydes (1.0 mmol) were suspended in 60 mL ethanol. Catalytic amounts of trifluoroacetic acid were added to the reaction mixture and heated to reflux for 16 h. 20, 21, 94 After completion of the reaction, the reaction mixtures were cooled down to room temperature followed by addition of diethyl ether which led to precipitation of the desired compounds. The precipitates were collected by filtration and washed several times with diethyl ether. Finally the precipitates were collected after drying over P 2 O 5 . were added to the solution of 1 and 4 successively. After 2 minutes the UV-vis spectral data were recorded at room temperature.
Determination of binding ratios (Jobs' plot)
1 and 4 were prepared in a DMSO mixture (40 : 1) to achieve 10 −2 µM concentration. Likewise TBAF and TBACN solutions were prepared in the same concentration (10 −2 µM) in acetonitrile. Nine sets of sample solutions containing receptors 1 and 4 with F − and CN − were prepared in vials varying the mole fraction of 1 or 4 from 0.1 to 0.9. Thus different volumes of the receptor (1 or 4) and analyte solution (TBAF or TBACN) were added to vary the mole fraction from 0.1 to 0.9 keeping the total volume same in each case. After shaking the vials for a few minutes, the UV-vis spectra were recorded. The Job's plots were obtained by plotting ΔA vs. mole fraction of 1 or 4.
H and 19 F NMR titrations
Receptor 1 (10.6 mg, 0.01 mmol) was dissolved in DMSO-d 6 (600 µL) and TBAF (1 M) in DMSO-d 6 was added into the solution of receptor 1. After shaking the solution for a minute, 1 H NMR spectra were obtained at room temperature. For compounds 3 and 4 the same methods were followed.
Conclusions
The results emphasize that in the detection of F − and CN − using anthraimidazolediones the deprotonation of the benzimidazole -NH in the presence of the anion renders the recognition due to the shift of the CT band. We have seen that variation of the donor arm regulates the deprotonation and hence the recognition ability. When the donor arm has thioimidazole or p-hydroquinone it was possible to detect F − and CN − . However, selectivity for F − increased in the presence of Cu 2+ due to its coordinating ability to the receptor and the influence on the deprotonation of the benzimidazole -NH. The detection limit of 0.038 ppm and selectivity for F − in the case of 4 is encouraging. The results signify that although the NMR studies reveal the formation of HF 2 − in the case of 1, 3 and 4, 3 cannot recognize F − at concentrations similar to 1 and 4. The UV-vis spectral studies with OH − to probe the acidity of the benzimidazole -NH show that benzimidazole -NH is most acidic in 4 followed by 1 and relatively much less acidic in 2 and 3. It should be noted that the formation of HF 2 − may be good evidence to predict the mechanism but does not necessarily comment on the recognition sensitivity. The presence of sulphur in the heterocyclic ring influences the anion recognition properties in a positive fashion at lower concentrations. In fact when we compare the activity of 4 with the rest in the series we also see that the presence of S in the heterocycle helps distinct recognition of F − from CN − in the presence of Cu 2+ .
